An understanding of surface and subsurface water contributions to streamflow is essential for accurate predictions of water supply from mountain watersheds that often serve as water towers for downstream communities. As such, this study used the end-member mixing analysis technique to investigate source water contributions and hydrologic flow paths of the 264 km 2 Boulder Creek Watershed, which drains the Colorado Front Range, USA. Four conservative hydrochemical tracers were used to describe this watershed as a 3 end-member system, and tracer concentration reconstruction suggested that the application of end-member mixing analysis was robust. On average from 2009 to 2011, snowmelt and rainwater from the subalpine zone and groundwater sampled from the upper montane zone contributed 54%, 22%, and 24% of the annual streamflow, respectively. These values demonstrate increased rainwater and decreased snow water contributions to streamflow relative to area-weighted mean values derived from previous work at the headwater scale. Young water (2.3 ± 0.8 months) fractions of streamflow decreased from 18-22% in the alpine catchment to 8-10% in the lower elevation catchments and the watershed outlet with implications for subsurface storage and hydrological connectivity. These results contribute to a process-based understanding of the seasonal source water composition of a mesoscale watershed that can be used to extrapolate headwater streamflow generation predictions to larger spatial scales.
| INTRODUCTION
Snow inputs support both ecosystems and human populations downstream, through the combination of surface water run-off and subsurface recharge (Jin, Siegel, Lautz, & Lu, 2012; Mankin, Viviroli, Singh, Hoekstra, & Diffenbaugh, 2015; Viviroli, Dürr, Messerli, Meybeck, & Weingartner, 2007) . Snowmelt water delivery to streams is modified by spatio-temporal variations in hydrological connectivity that affect the residence time of water on the landscape (Hrachowitz et al., 2016) . Moreover, the surface water and subsurface water contributions to streamflow and the inherent flow paths are affected by variations in climate and disturbance. For example, subsurface water sources are important to sustaining streamflow in high-elevation mountainous catchments throughout the year (Liu, Williams, & Caine, 2004; Miller, Buto, Susong, & Rumsey, 2016) , and these sources are influenced by the timing, magnitude, and type of recharge, as well as the storage capabilities of the subsurface .
Consequently, effective water management and regulation of water resources in mountainous watersheds requires a thorough understanding of the seasonal mechanisms responsible for stream water recharge.
Mountain flow paths are complicated by variable topography, bedrock permeability, soil depth, and forest cover that present challenges but also opportunities for the study of hydrologic connectivity in the context of water resources (Bales et al., 2006) .
Hydrochemical data, including ions and stable water isotopes, represent useful tracers, with which we are able to gain understanding of source water and flow paths in complex terrain (Robinson, Fairchild, & Arrowsmith, 2009; Uchida, Asano, Onda, & Miyata, 2005; Williams, Barnes, Parman, Freppaz, & Hood, 2011; Williams, Knauf, Caine, Liu, & Verplanck, 2006) . In particular, end-member mixing analysis (EMMA)
is a hydrological mixing model that solves an overdetermined set of equations by way of conservative hydrochemical or isotopic tracers to identify the various contributing source waters (Barthold et al., 2011) . As a result, EMMA can be used to conceptualize streamflow generating processes and has been successfully applied to mountain catchments around the world (Baraer et al., 2015; Cras, Marc, & Travi, 2007; Frisbee, Phillips, Campbell, Liu, & Sanchez, 2011; Frisbee, Phillips, White, Campbell, & Liu, 2013; Hooper, 2003; Liu et al., 2004; Liu, Bales, Conklin, & Conrad, 2008; Maurya et al., 2011) . The seasonal cycles of hydrological tracers such as δ
18
O can also estimate the young water (2.3 ± 0.8 months) fraction of streamflow from highly heterogeneous subcatchments with contrasting transit-time distributions (Kirchner, 2016a) . The young water fraction of streamflow provides an indication of surface-subsurface water interactions and subsurface storage capacity, both of which influence hydrological pathways and their response to climate change. An understanding of how and whether these pathways vary as a function of elevation, precipitation type, and catchment size is therefore critical to a process-based understanding of mountain hydrology.
Mountains along the Front Range in Colorado, USA, provide essential water resources for the Denver metropolitan area. Previous studies used EMMA to investigate streamflow components in the first-and second-order catchments of the Boulder Creek watershed and found that snowmelt contributions decreased with decreasing elevation, whereas rainwater contributions concomitantly increased . However, the manner in which these headwater stream components integrate to larger catchments characterized by geological, ecological, and climatic gradients is not well constrained.
For example, a recent summary of source water studies in complex mountain terrain contained only 3 of 14 studies from catchments comparable in size (within an order of magnitude) to the Boulder Creek watershed at Orodell, and two of those catchments were dominated by warm season glacial meltwater inputs that are only nominally important to Boulder Creek at this scale  Table 1 ).
In addition, source waters can also vary within a single ecosystem type, as evidenced by Liu et al. (2004) where differences in cryospheric features and snow depth explained the variation in streamflow source waters from two adjacent alpine catchments. in the subalpine, Gordon Gulch (GG) in the montane, and Betasso (BET) in the foothill zone. Because the foothill catchment is characterized by intermittent streamflow, it was not included in this study.
Streams in GLV, CC, and GG all flow to North Boulder Creek, which joins Middle Boulder Creek 8 km above the Boulder Canyon Hydroelectric Plant near the Orodell stream gauge (Murphy, Barber, Verplanck, & Kinner, 2003) . The Middle and North Boulder Creek subwatersheds are very similar in land use and land cover, geology, elevation range, and size (Kinner, 2003; Williams et al., 2011) . In general, low flow in Boulder Creek occurs from October to March, whereas high flow occurs from May to July and peaks in June, depending on snowpack depth and air temperature (Murphy et al., 2003) .
The instrumented headwater catchments within Boulder Creek have distinct geologic and climatic features, soil types, and land cover patterns due to their elevation and landscape location (Table 1) . The GLV watershed consists of distinct upper and lower basins separated by a 90-m glaciated valley step. The upper GLV is in an alpine environment that contains steep rock walls, talus slopes, rock and cirque glaciers, and permanent snowfields and is characterized by poorly developed soils. The lower GLV has less exposed bedrock, fewer talus slopes, and more extensive soil and vegetation cover. It was last scoured by glaciers about 18,000 years ago and subsequently has an (Knowles et al., 2015) and has experienced minimal human impact over the last 100 years (Williams et al., 2011) . The forested GG catchment is located within the Arapahoe National Forest and is divided into the upper GG (GGU) and lower GG (GGL) basins. Both the GGU and GGL basins are located in the montane climatic zone and are underlain by biotite gneiss. Here, northerly and southerly exposures produce contrasting environments as a result of differences in solar radiation and soil moisture dynamics (Hinckley et al., 2014 
| Soil water
Monthly soil water samples were taken from tension lysimeters during Table 2 for intracatchment sampling information. Abbreviations are Martinelli (MART) and Green Lake 4 (GL4) catchment (Figure 1 ). Soil water sampling at CC and GLV catchments was conducted on a weekly basis.
| Groundwater
Groundwater samples were collected from wells at six locations in the montane GG catchment, numbered from Wells 1 to 6. Wells 1 and 6
were deepest (17-18 m below the surface) and were located on north-and south-facing slopes, respectively, whereas Wells 2 to 5
were shallow (4-6 m below the surface) and were located on the valley floor between the north-and south-facing slopes. The samples were collected using a 1-m Teflon bailer to minimize chemical contamination after purging three well volumes (Cowie, 2014) . Groundwater samples from the montane zone were collected biweekly during low-flow season and weekly during other seasons. Groundwater wells in the subalpine CC catchment were colocated with the tension lysimeters near the Niwot SNOTEL site numbered 1 to 4 from south to north.
The average water depth at these wells ranged from 5.6 to 18.7 m below the surface. In the alpine GLV catchment, there were seven shallow and seven deep groundwater wells (four each at the Saddle and three each at Martinelli; piezometers screened at the bottom 1.5 m; Figure 1 ) with total depths of 6.3 to 8.4 m (Cowie, 2014) and mean water depths ranging from 1.0 to 7.1 m below the surface.
Groundwater samples at CC and GLV were taken weekly during icefree months and monthly during the winter at the alpine Saddle site.
| Precipitation, snowmelt, and snowpack samples
The National Atmospheric Deposition Program (NADP) collects precipitation chemistry samples within the GG (Site CO94), CC (Site CO90), and GLV (Site CO02) catchments using shielded Belfort 5-780 type collectors mounted 2 m above the ground (Cowie, 2014 ). An additional site located near treeline in the CC catchment (Soddie) also collects precipitation samples on a weekly basis, following the same protocols as the NADP program (Table 2) . Snowpack samples were collected from snowpits during annual snow surveys conducted in May. Snow samples were collected for chemical and oxygen isotopic analyses using bevelled polyvinyl chloride tubes (50 mm diameter, 500 mm long), which had been soaked in 10% HCl and then rinsed at least five times with deionized water. Duplicate, vertical, contiguous cores in increments of 40 cm were collected from the snow-air interface to the ground. Snow was transferred from the cores into new polyethylene bags (Williams et al., 2009) . Snowmelt samples were collected using snow lysimeters located at two locations within the CC catchment .
| Laboratory analyses
All water samples were analysed in the Kiowa/Arikaree Laboratory at 
| Young water fraction in streamflow
The δ
18
O values in precipitation generally follow a sinusoidal function with a period of 1 year:
where 
In heterogeneous systems, seasonal cycles of conservative tracers can be unreliable estimators of catchment mean transit times (the average time that elapses between a given parcel of water entering a catchment as precipitation and leaving as streamflow)
because tributary cycles will be out of phase with each other and their amplitudes may not average linearly (Kirchner, 2016a) . Under this condition, the young water fraction (F yw ) is a more robust measure of hydrologic cycling than the mean transit time because the young water fraction does not assume that the catchment is homogeneous or that the transit time distribution has any particular shape (Kirchner, 2016b) . The young water fraction is defined as the fraction of discharge that is younger than a threshold age of 2.3 ± 0.8 months (Kirchner, 2016a) . In this study, the young water fraction is surface run-off that has not infiltrated to the subsurface and is calculated using the δ
O amplitude of precipitation and streamflow as
| End-member mixing analysis
EMMA utilizes conservative chemical tracers to partition source water contributions within a catchment (Hooper, 2003) . EMMA assumes that stream water chemistry is controlled by physical mixing of endmembers, rather than by equilibrium chemical processes. Potential flow components or end-members include precipitation, tributaries, and groundwater in various aquifers. For a three end-member system, the hydrograph separation is calculated as
where Q represents flow rate, C represents tracer concentration, and the subscript represents the water source (s is streamflow, and 1, 2, and 3 represent Sources 1, 2, and 3). In the current study, orthogonal projections of streamflow samples and end-members were used to solve for proportions of end-member contributions to streamflow (e.g., Liu et al., 2008) . In order to apply Equation 5, three additional assumptions must be satisfied: (a) the tracer concentration of each component is distinct from the other two components for one or more of the tracers, (b) the tracer concentrations of the three components are not collinear, and (c) only three components contribute to streamflow.
Tracer selection criteria specifically included (a) there was no evidence of a pattern between residual and measured solute concentrations (e.g., p > .05 and R 2 < .1), (b) the root mean square error was less than 40% (Hooper, 2003) , (c) the relative root mean square error decreased from the 1-D (two end-members) mixing subspace to higher dimensional subspaces (e.g., 2-D subspace; Frisbee et al., 2011), and (d) the quantitative Euclidean distance between potential end-members and projected stream water samples was less than 15% (James & Roulet, 2006) . Larger catchments and longer time periods often exhibit increased spatio-temporal variability of tracer concentrations and may require the determination of more end-members. Although with an increased number of tracers, the probability that three or more endmembers are identified increases, more tracers do not necessarily mean that more end-members can be identified (Barthold et al., 2010) .
| Data processing for EMMA
Median values for snowmelt and snowpack at maximum snow water equivalent and volume-weighted mean solute concentrations from the NADP collectors at the montane, subalpine, and alpine catchments were selected to represent snow and rain samples, respectively zero-tension lysimeters were applied to the alpine and subalpine catchments, and median values of groundwater samples were applied to each groundwater well. Uncertainty analysis was performed whereby tracer concentrations in two end-members were held constant at the median value whereas the third end-member was allowed to vary across the interquartile range (25-75%). The same process was repeated for all three end-members, and uncertainty is reported as the range of the relative contributions of each particular source water .
| RESULTS

| Discharge and stream water chemistry
May to July discharge accounted for 72-78% of annual total discharge in Boulder Creek at Orodell. The average daily streamflow during 2009 In contrast, stable isotopes of soil water were located on the LMWL in the subalpine and alpine catchments, suggesting direct precipitation recharge, that is, the water was not subject to secondary processes such as evaporation prior to export (Laudon & Slaymaker, 1997) . In the montane zone, both stream water and groundwater were isotopically located below the LMWL, suggesting evaporation of the groundwater/soil water recharge source, either from the snowpack or from within the unsaturated zone (Cecil, Hall, Benjamin, Knobel, & Green, 2005) .
| Young water fractions in headwater catchments and the lower main stem
Young water fractions (F yw ) were calculated for each year separately and as an average using data over the 3 years (2009-2011; Table 3 ).
The results show that F yw was highest in alpine streamflow (12-22%) and was generally lower but of similar magnitude in subalpine streamflow (8-10%), montane streamflow (7-12%), and at the watershed outlet (6-11%). Not surprisingly, in the high-flow year of 2011, F yw values were greater than the other years in all streamflow samples due to relatively greater precipitation inputs. In general, young water fractions below 22% throughout the Boulder 
| Reservoir effects on stream water chemistry
There are three major reservoirs in the Boulder Creek Watershed above Orodell. In order to constrain the potential impact of reservoirs 
| Tracer and end-member selections at Orodell
Stream water samples at Orodell were used to determine appropriate (Table 4) .
Rainwater was selected in lieu of soil water, despite a relatively longer Euclidean distance, given that the rainwater samples clustered together in orthogonal space whereas the soil water samples did not (Figure 5a ). Further, these results highlight the importance of subalpine ecosystems near treeline as "water towers" within mountain catchments (e.g., Viviroli et al., 2007) .
| Validation of the EMMA results and hydrograph separation
| Applying EMMA to a mesoscale watershed in complex terrain
Reconstruction of tracer concentrations (Table 5) showed that Mg 2+ and δ
18
O were well predicted, whereas ANC was overpredicted and Ca 2+ was underpredicted at higher concentrations. The underprediction of Ca 2+ could have resulted from the presence of carbonate dust (Clow, Ingersoll, Mast, Turk, & Campbell, 2002) ; dry deposition can contribute a significant portion (44% in winter; Clow, Mast, Bullen, & Turk, 1997) to total atmospheric Ca 2+ deposition in alpine ecosystems. Throughfall can also accumulate Ca 2+ as it comes in contact with the leaves and branches of trees (de la Crétaz & Barten, 2007) ; however, the quantity of throughfall water was small relative to other end-members. Overprediction of ANC suggests that there may have been additional acid input to the system sufficient to reduce ANC beyond the organic acids in the montane water source, or that O values are in per mil (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). Abbreviations are precipitation (P), streamflow (Q), and amplitude (Amp). (Tetzlaff et al., 2015) . Notwithstanding, Euclidean distances and tracer reconstructions in the context of our uncertainty and young water fraction analyses suggest that the tracer-based results were not obviously subject to deleterious effects from hydrodynamic mixing and/or molecular diffusion at this spatial scale (e.g., Jones, Sudicky, Brookfield, & Park, 2006; Park, Sudicky, Brookfield, & Jones, 2011) .
Previous work at the headwater catchment scale demonstrates that streamflow is composed of decreasing snowmelt water but increasing groundwater and rainfall with decreasing elevation due to longer flow paths/contact times and a higher rain/snow precipitation ratio . As a result, the degree to which source water contributions at Orodell can be recreated by scaling these headwater (representative of 71% of the watershed, as defined by elevation) contributions constrains the function and composition of the main stem relative to its nested headwaters ( Figure 6 ). Given the land cover/ ecosystem gradient with elevation, we tested this using area-weighted elevation ranges defined in Murphy et al. (2003) to delineate the Boulder Creek watershed into discrete ecosystems. The watershed was made up of 11.7% alpine tundra (above 3,500 m), 47.2% subalpine (2,700-3,500 m), 27.3% montane (2,400-2,700 m), and 13.8%
foothills (1,800-2,400 m) ecosystems, and the results 62% snowmelt, 25% groundwater, 11% rain, and 2% talus water were not statistically different than what was calculated using solute concentrations at Orodell and EMMA (Table 6 ). Similar results from the two methods indicate that source waters in small headwater catchments can be used to calculate the annual variability of source waters throughout the watershed and that streamflow recharge processes can be accurately predicted from the aggregation of headwater systems as a result.
This exercise also highlights the importance of nutrient cycling in headwater systems, as opposed to the relatively unreactive main stem.
| Snowpack variability drives hydrological cycling within and among years
Hydrograph separation illustrates that montane groundwater was a significant source of streamflow to the main stem of Boulder Creek during the rising limb of the hydrograph (Figure 7 ). At the onset of the snowmelt season, however, solute concentrations decreased, catchments also showed a counterclockwise hysteretic behaviour, but streamflow from the montane zone was disorganized ( Figure S1 ).
We attribute this phenomenon to greater evapotranspiration and better soil development in the montane zone that make streamflow recharge more divergent and less easy to define. Similar hysteretic patterns and EMMA results suggest that streamflow recharge sources were similar among Orodell, GLV, and CC. This likely resulted from the dominance of alpine and subalpine landscapes within the larger watershed as well the overall trend toward greater precipitation and thus greater contributing volumes at higher elevations.
There was evidence of chemostatic behaviour at flows greater than 10 m 3 s −1 where solute concentrations remained relatively constant with respect to streamflow variations (Godsey, Kirchner, & Clow, 2009) . Although chemostatic behaviour can result from different phenomena including cation exchange, changes in reactive mineral surface area, and decreased weathering rates (Clow & Drever, 1996) , hydrograph separations imply that chemostatic behaviour resulted from seasonal flushing of snowmelt during the rising and recession Relative contributions and uncertainty (presented as a range of percent contributions as defined in Section 3.5) of each end-member to annual streamflow at Orodell (this study) and its headwater catchments (previous studies by Liu et al., 2004 and Cowie et al., 2017) limbs (Figure 7) , which has subsequent implications for the potential displacement of stored subsurface water (Barnhart et al., 2016) .
Orthogonal projections of end-members into U-space specifically reveal a trend toward increasing groundwater contributions to streamflow in 2010 ( Figure 5 , where stream water points migrated closer to groundwater end-member), which mainly occurred prior to snowmelt and could represent additional infiltration of displaced preevent subsurface water. With earlier and slower snowmelt, higher rain to snow ratios, and increasing air temperatures that may cause higher evapotranspiration rates especially during the spring (e.g., Berghuijs, Woods, & Hrachowitz, 2014; Cayan et al., 2013; Musselman, Clark, Liu, Ikeda, & Rasmussen, 2017) , the strength of linked snowmeltgroundwater contributions to streamflow suggested by this work may decrease non-linearly as a function of changing hydrological connectivity in the future. 
